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ABSTRACT
Beaulieu, Kennedy Paul. M.S. The University of Memphis. December 2013.
Characterization of cast iron microdamage: its evolution and impact on material
properties. Major Professor: Gang Qi.
There is a lack of knowledge concerning the evolution of stress-induced damage in
cast iron on the microstructural scale. This study addresses this need by investigating the
continuous failure of gray cast iron (GCI) and nodular cast iron (NCI) microstructures
using acoustic emissions (AE). Microstructural damage evolution is characterized by
grouping into three distinct ensembles (stress ranges) for GCI and four for NCI. The
amplitude of the AE damage events was interpreted as being proportional to the failure
mechanism, with lower amplitude events attributed to graphite failure. Microstructural
and failure analysis revealed the following failure mechanisms: graphite fracture and
debonding and transgranular fracture of the iron matrix for GCI and graphite fracture and
debonding and ductile fracture of the iron matrix for NCI. The AE results bring light to
the controversy in the literature on NCI failure by identifying ductile fracture of the iron
matrix as the dominant failure mechanism.
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CHAPTER 1
INTRODUCTION
1.1 Problem Overview
The evolution of damage that occurs in cast iron significantly influences its behavior
under applied stress. However, little is known about the nature of this evolution. Using
traditional methods, such as fractography, to examine how damage in a specimen changes
with stress is difficult. Therefore, the impact of changing microdamage on the material
properties of cast iron is largely unknown. Acoustic emissions can provide a way to
characterize microdamage in cast iron and relate it to material behavior.
1.2 Study Objective
The objective of this research was to characterize the microscopic damage of cast iron
and its potential influence on the material behavior of cast iron. This objective was
accomplished by:
1. Performing statistical analysis of AE data to understand the evolving nature of stressinduced damage in gray cast iron (GCI) and nodular cast iron (NCI) specimens
loaded to rupture, and
2. Performing fractography analysis to characterize the damage events revealed by
statistical analysis.
1.3 Outline of Thesis Paper
This thesis is organized as follows. Chapter 2 provides background information and a
brief review of the literature on this topic. In chapter 3, the materials and methods used to
complete this research are explained. Chapter 4 details the results obtained and chapter 5
provides further discussion of the trends found in these results. Chapter 6 summarizes the
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major findings of this research. After chapter 6 is a list of the references cited in this
paper. The appendix section contains all of the tables and figures from this thesis and a
short manual detailing how to operate the IntelliAETM computer program mentioned in
chapter 3 of this text.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
2.1 Steel and Cast Iron
Steel and cast iron are similar in their elemental makeup. They are both formed by
mixing iron and carbon. Steel forms when the added carbon dissolves into solution with
the iron. Cast iron is created when the amount of carbon is too great to be absorbed by the
iron-carbon solution (when the carbon amount is higher than approximately 2.0% of the
solution) and some of the carbon precipitates out of the solution [1].
The presence of carbon (also referred to in this case as graphite) has both positive and
negative effects on the quality of cast iron. Under compressive loads, graphite acts as a
cushion for the iron structure, absorbing part of the load force. This fact makes cast iron
very strong under compression, helping it absorb strong vibrations. On the other hand,
under tensile loading, these soft graphite areas often serve as the starting point for cracks
that spread through the iron. Therefore, cast iron is much weaker when subjected to
tension than compression and more brittle than steel [1].
Cast iron is easier to cast than steel. The reason being the greater carbon percentage in
cast iron gives it a lower melting point than steel. According to Brandt, cast iron is often
used to fashion the framework of large tools and equipment due to its ability to absorb
vibrations and its strength in compression [1]. Some products made from cast iron
include engine blocks, brake drums, piston rings, crushers, and furnace grates [1].
Before the 1970s, almost all cast iron was made in cupolas, small blast furnaces that
use iron or steel scrap, pig iron, coal, and limestone to produce cast iron [1]. During the
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1970s, concerns over the air pollution created by burning coal led many cupolas to be
replaced by more energy-efficient electric induction furnaces. These machines use
electric current to heat and melt the cast iron [1].
2.2 Gray and Nodular Cast Iron
Gray and nodular cast iron are made up of a mixture of iron and carbon. Their material
properties are determined by the structure of the graphite in them. Gray cast iron contains
thin layers of graphite called flakes and gets its name from the dull gray color of its
fracture surface. Its unique microstructure is caused by the relatively slow rate at which
gray cast iron cools and solidifies when it forms and the presence of silicon in the alloy,
which encourages the formation of this specific graphite structure [2]. As mentioned in
section 2.1, the graphite flakes in GCI often serve as initiation sites for cracks in the iron
matrix under tensile loading. Therefore, GCI is a brittle metal. Gray cast iron is the most
widely used form of cast iron and one of the least expensive [1]. It is used to fabricate
structures where the tensile strength is not critically important, such as bearing housings,
castings, and pump housings. Figure 1 shows a magnified image of the surface of one of
the GCI samples used in this thesis (all figures are in Appendix B). The jagged dark lines
are the graphite flakes.
Nodular cast iron was invented in 1943 by Keith Millis. In this form of iron, the
graphite forms nodules, or spheres, in the metal during solidification. As with gray cast
iron, the relatively slow rate at which nodular cast iron cools and solidifies when it forms
and the presence of extra elements (magnesium or cerium) in the alloy are the cause of
this metal’s unique graphite structure [2]. Also known as ductile iron, nodular cast iron
displays good ductility (the ability to deform under tensile stress) [1]. Because of its
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strong wear resistance, nodular cast iron is often used to make engine blocks, crank
shafts, and other automotive components. Figure 2 shows a magnified image of the
surface of one of the NCI specimens used in this thesis. The roughly circular dark
‘spheres’ are graphite nodules.
2.3 Cast Iron Phases
Cast iron can take on several different structures, based on its temperature and carbon
content. Ferrite is a body-centered cubic crystal structure that is composed of almost pure
iron. It is stable below 912 ᴼC. Iron in this structure is magnetic [1]. Most of the iron
observed in the GCI and NCI samples studied here was in the ferrite structure. The
relatively ‘light’ areas of the GCI and NCI specimen surface images seen in Figures 1
and 2 respectively are iron ferrite. Austenite is similar to ferrite in that it is composed of
almost pure iron. But it is a face-centered cubic crystal structure that is stable from
740 ᴼC to 1493 ᴼC [2]. The terms body-centered and face-centered cubic crystal structure
refer to the arrangement of atoms in a material. A body-centered cubic system is a cube
shaped arrangement of atoms with an atom at each of the eight corners and one in the
center of the ‘cube’ (see Figure 3). A face-centered cubic system is also cube shaped, but
it has one atom at each of the eight corners and an atom in the middle of each of the six
‘faces’ of the ‘cube’ (see Figure 4) [1].
Cementite is a compound of iron and carbon. It is represented by the chemical formula
Fe3C. By weight, cementite is composed of 6.67 % carbon. It is a magnetic compound
[1]. Pearlite is a mixture of alternating layers of ferrite and cementite. As seen in Figure
5, the pearlite region is the area containing ‘strips’ of alternating colors. The lighter
colored strips are ferrite and the darker colored strips are cementite. The dark bands
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surrounding the graphite nodules in Figure 2 show what pearlite looks like at a higher
magnification. Pearlite, like ferrite, is magnetic [1]. Cementite can serve as the starting
place for cracks in cast iron during tensile loading. Krawczyk studied the failure of a cast
iron mill roll and found that bands of cementite served as the failure initiation sites for the
roll [3].
Figure 6 is the phase diagram for cast iron. It shows how the structure and
composition of cast iron changes with temperature and the percentage of its weight
composed of carbon. Cast iron experiences temperature-induced changes like those
illustrated in Figure 6 during the initial casting process. This process was not the focus of
this research because the casting history of the GCI and NCI specimens studied in this
research is unknown. But these temperature-induced changes influenced the cast iron
specimens’ final microstructure. Cast iron with a temperature above the eutectoid point
exists in the austenite structure, while cast iron with a temperature below this point exists
in ferrite structure. Also, in the ferrite zone, cast iron with a carbon weight percentage
lower than the eutectoid point is composed of pure ferrite, while carbon weight
percentages higher than this point yield cast iron containing a mixture of ferrite and
cementite (i.e. pearlite).
Similarly, the eutectic point is the point at which cast iron transitions from molten
liquid metal to a mixture of austenite and cementite, known as ledeburite [2]. There are
some exceptions to these rules. For instance, if cast iron is cooled down from the
austenite stage quickly enough, it will retain its austenite face-centered cubic crystal
structure [1].
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The fracture of metals like cast iron produces several types of microscopic fracture
damage. Described next are a few types of fracture damage pertinent to this research.
2.4 Intergranular Fracture
Most solid objects are made up of millions of microscopic crystallites, also known as
grains. Intergranular fracture occurs when grains separate from one another along their
boundary lines. At the microscopic level, it appears as open cavities and irregularly
angled grain plains where the separation occurred (Figure 7). Intergranular fracture can
be caused by fracture of a thermally activated impurity (such as graphite particles in cast
iron) existing between the metal grains or the growth and coalescence of microvoids (tiny
holes created in the metal by fracture-generated stress). Variations in the way grain
boundaries separate during intergranular fracture can lead to a variety of different types
of damage. Intergranular fracture also makes it easy to see triple point grain boundariespoints where three or more grain boundaries connected before fracture [4].
2.5 Transgranular Fracture and Cleavage
While intergranular fracture occurs when grains separate from one another along their
shared boundaries, transgranular fracture happens when fracture cuts through a grain.
Cleavage is a form of transgranular fracture. Cleavage usually starts because of the
separation of a small deformity, or ‘notch’, in the material and spreads out from there. It
can also happen because of an event that creates rapid deformation of the material, such
as impact loading. Cleavage usually occurs in body-centered cubic metals like iron,
chromium, and tantalum. For example, Figure 8 showcases cleavage on the fracture
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surface of a NCI specimen studied in this research. It can also occur in some facecentered metals under special circumstances, such as brass when it undergoes stress
corrosion cracking [4].
Sometimes cleavage fracture occurs such that the orientation of the fracture changes
from grain to grain, leading the crack to propagate along uneven planes, and thus at
different angles, across the fracture surface. Often in cleavage fracture, there are step-like
formations on the fracture surface, called river patterns [4]. For example, see the river
patterns in the transgranular fracture plane on the NCI sample fracture surface in Figure
8. River patterns occur when cleavage fracture occurs at different orientations on the
same fracture plane [5]. The direction in which these ‘steps’ are increasing is the
direction of crack propagation for this fracture [4].
2.6 Ductile Fracture
Ductile fracture is a damage mechanism caused by the presence of microvoids.
Microvoids are microscopic holes that develop during fracture. Microvoids form where
there are embedded particles, like graphite, or microcracks in the iron grain matrix. Under
increasing stress, microvoids grow and combine with one another (known as
coalescence), causing ductile deformation of the material. Finally, the material fractures,
leaving behind a dimple [4]. A dimple is a small cavity in the material surface [4].
Dimples come in various sizes, shapes, and depths depending on the size and
distribution of the before mentioned embedded particles, as well as what type of stress
was applied to the material (tension, torsion, or shear) and the fracture toughness of the
material [4]. Figure 9 gives an example of ductile fracture in the studied NCI specimen
surface containing dimpling. The empty crater-like depressions are where graphite
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nodules sat in the iron matrix before fracture. After fracture, these nodules can be found
on the opposing fracture surface. The relatively light areas along the rims of these
depressions are examples of ductile fracture. The small holes along these rims are
dimples.
2.7 Literature Review
There are conflicting views on the role of graphite in the material behavior of cast
iron. The graphite nodules in NCI are generally considered soft and weak. Dong et al.
state that these nodules debond from the iron matrix around them early in fracture and
can thus be treated as void sites [6]. Because of this phenomenon, some researchers claim
that graphite nodules contribute almost nothing to the material behavior of NCI, and NCI
fracture is caused by the coalescence and growth of microvoids at the interface of the iron
grains and the graphite nodules [6-7]. But Bonora and Ruggiero claim this behavior is not
enough to explain the material failure of NCI [7]. They claim that NCI cannot be treated
as essentially pure iron with the graphite nodules replaced by empty microvoids. The
stress-strain behavior for NCI is better than the stress-strain behavior for iron with empty
voids. And while graphite nodules may be weak in tension, they have been found to be
nearly incompressible [8]. NCI stress-strain behavior has been shown to be different for
tensile and compressive loading, similar to GCI stress-strain behavior [9-10]. Therefore,
nodules must contribute to NCI material behavior [7]. Bonora and Ruggiero claim that
ductile fracture of the iron ferrite is the leading cause of NCI fracture [7].
The spacing of the nodules also has an effect on the material behavior of NCI. Brocks,
Hao, and Steglich found that the resistance to fracture of NCI increases the farther the
graphite nodules are from one another in the iron matrix [8].

9

Some researchers have tried studying the microstructure of surfaces of fractured cast
iron samples to understand what happened to these materials during fracture [3, 6]. As
mentioned earlier, Krawczyk examined the microstructure of broken cast iron mill rolls
and found that bands of cementite were the cause of their failure [3]. Also, Dong et al.
used scanning electron microscope (SEM) images of nodular cast iron samples fractured
in tension tests to study the role of graphite in NCI fracture [6].
SEM images provide a visual means to examine fracture damage and determine its
cause. But fracture surfaces alone only show the final state of damage of a specimen [3,
6]. Damage in a specimen changes as stress from the load force increases [6]. Evidence
of low stress-induced damage will often be masked by subsequent damage caused by
higher levels of stress [6]. Studying fracture damage using this method will lead to an
incomplete picture of the specimen’s damage history.
Acoustic emissions (AE) are sound waves generated by sudden changes in the internal
stresses of a material. When a material is subject to a force, energy is released in the body
of the material [11]. This force can come from outside the body of the material (ex.: a
new weight load), or can originate within the material, such as the formation of a crack.
To measure acoustic emissions, piezoelectric sensors are attached to the specimen. These
sensors convert the motion created by acoustic waves into a voltage signal that is
transmitted to a computer for further analysis [12]. Techniques such as Geiger’s method,
Thurber’s method and the Simplex method can be used to discover the location of the
AE-generating damage event in a material based on the time it took the AE from this
event to reach the AE sensor(s) [13]. Acoustic emission testing exhibits several
advantages as a method of material testing. Operation of the device being observed does

10

not need to be stopped in order for AE testing to occur. Also, AE testing can record
damage from the entire structure at one time [14].
Normally, acoustic emissions create sound waves that travel at frequencies much
higher (usually 30 kHz to 1 MHz) than those created by machine vibrations or other
background noise [12, 15]. But, sometimes, background noise can interfere with the
collection of AE signals. This was not a problem with the current project because the
amplitude threshold for signal collection was set to exclude non-AE signals. But
background noise can be a concern when using acoustic emissions to perform machine
diagnostics.
Acoustic emission tests are a form of passive testing: AE tests only measure the
energy being produced by an object [16]. Damage may go unnoticed if the stress waves it
creates are not strong enough to generate an acoustic emission [16].
Several researchers have studied the use of AE testing to examine cast iron. Morgner
and Heyse found that in GCI, fracture of the iron grains begins with plastic deformation
around the tips of the graphite flakes. However, they only identified AE signals from
fracture of the iron grains and not the graphite [17]. Shen et al. documented the increase
in amplitude and number of AE signals produced over time during tension testing of GCI
specimens [18]. Their work does not show how this damage influences gray cast iron’s
overall material behavior.
Neither SEM analysis nor simple AE measurement combine the ability to examine the
evolving nature of damage as stress changes with the ability to reveal what this process
shows about the material behavior of a specimen. A method that combines these two
capabilities would provide a unique way to link microscopic damage to macroscopic
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material properties. In recent years, Qi et al. developed a technique that fulfills this need
using acoustic emissions [19]. This technique involves using AE to acquire and study the
microscopic behavior of acrylic bone cement specimens during fracture [19]. Dog-bone
shaped specimens of bone cement were loaded in tension until fracture. As each
specimen fractured, cracks and other forms of damage occurred. These damage types are
referred to by Qi et al. as events of random damage (ERD) [19]. AE sensors attached to
the specimens recorded the time and amplitude of each signal. Using a MATLAB
program called IntelliAETM (formerly known as SmartAE), data were analyzed to study
the material’s microstructure.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Materials
Table 1 lists the common elemental composition and properties of GCI and NCI (all
tables are in Appendix A).
3.2 Three Point Bending Test
As mentioned earlier, specimens of gray cast iron (Gray 20-ASTM A48) and nodular
cast iron (Ductile Iron 60-ASTM A536) were studied in this research. The specimens
were fractured in three point bending to ensure that shear forces normally encountered by
cast iron in normal usage are represented in the AE data. Figure 10 shows that three
sensors (represented as black cylinders) were attached to the bar. They recorded acoustic
emissions (x1, x2, ..xn) that occurred in the bar as fracture propagated from the bottom of
the bar to the top. Most AE were caused by tension on the bottom half of the beam, so
most of the sensors were place on the beam’s bottom surface. Using the IntelliAETM
program introduced in section 2.7, these gathered signals were then used to generate
matrices of AE events called DA and DB, which provided information about the behavior
of the cast iron bar, known as the dynamic response. DA, DB, and dynamic response will
be discussed further in section 3.4 and in the Results section of this thesis. The cast iron
beams had a cross-section of 8 mm by 8 mm and the distance between the supports the
beams were resting on was 76 mm. There are no standard dimensions for 3 point bending
test specimens.
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3.3 Analysis of AE Signals
IntelliAETM was developed by Fan et al. of the University of Memphis [19]. It takes
acoustic emissions signal data and uses the data to expose relationships that can help
examine the metal’s material behavior. Before data could be processed using IntelliAETM,
several constraints had to be imposed. For instance, AE signals from the first few seconds
of the fracture test were discarded because they provided little usable data and could have
introduced error into the results from the testing machine (e.g. the testing apparatus may
have been shaken by the initiation of the three point bending test). Figure 11 shows the
graphical user interface (GUI) of IntelliAETM. Details regarding operation of IntelliAETM
are included in section 8.2 of the Appendix.
3.4 DA/DB Matrix and Probabilistic Entropy
ERD data was processed by using the IntelliAETM program to generate multiscale and
spectrum matrices of random damage in two forms: the DA and DB matrices (or variates).
The DA matrix was obtained from intermittent measurements, and the DB matrix was
obtained from cumulative measurements. The elements of DA and DB were determined by
averaging the sample groups (16 for GCI, 20 for NCI).
The equation for the DA matrix is [29]:
[

]

.

(1)

[

]

.

(2)

And the equation for the DB matrix is [29]:
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In equations 1 and 2:
αij and βij are AE events,
each row (M) displays a stress spectrum, and
each column (N) represents an amplitude interval, referred to in this paper as a
scale.
A stress spectrum represents all the AE generating events that occurred during a certain
range of stress values in MPa (the number of AE events during a specific time interval
could also have been measured). A scale contains all the AE events that occurred during a
certain amplitude range in decibels (dB). The DB matrix shows the record of acoustic
events added cumulatively at each stress level. Since the loading history (i.e. previous
stress levels) of an examined material may not always be known, the focus of analysis in
this work was the DA variate. The term events of random damage, ERD, (i.e. fracture
generated-acoustic emission events) will often be used in this paper to refer to acoustic
emission events [19].
Calculating the probability distribution of the amplitude of the acoustic emissions in
the DA and DB matrices is the first step in determining the damage state of the material
specimen. Gibbs probability was used to accomplish this [19]. Gibbs probability is
approximated here by:
(3)
for the DA variate and
(4)
for the DB variate where
∑
15

(5)

and [29]
∑

.

(6)

Probabilistic entropy was used to characterize the distribution of the ERD according to
their amplitudes [30]. It was derived from the Gibbs formula:
(

∫

)

(7)

where ρ(x) is the Gibbs probability density function [19]. From this formula, an equation
of the probabilistic entropy (S) of the AE data was created:
∑

(

)

(8)

For i = 1, …, M [19].
The greatest possible value of Si is zero. This value is obtained when the observed
acoustic emissions are evenly distributed over the 10 amplitude scales (equation 8 only
calculates the entropy correctly when the AE signals are divided into 10 amplitude
scales). In terms of probability, Si ≈ 0 means there is an equal likelihood to find an AE
event in each amplitude scale. The lowest possible value of Si, ln (0.1) = -2.3, occurs
when all AE signals occur in the same amplitude scale. Both of the greatest and lowest
values of Si are extreme cases that were not seen in this research. Si provides a numerical
representation of change in the shape of the amplitude distribution of ERD [29].
3.5 Calculating Probabilistic Entropy
Here is an example of how the probabilistic entropy was plotted using equations 1-8.
First, the probability that an acoustic emission will occur at a specific amplitude, the ERD
probability space, was calculated. The row of data below in Table 2 was taken from the
DA matrix. It shows all the ERD-generated AE signals measured for 0 MPa ≤ σ < 25 MPa
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for GCI over the amplitude range 40 to 75 dB (

) (the amplitude range is divided into

10 scales), the summation of these AE signals (

), and the Gibbs probability for this row

(

).
As can be seen, LA, the total number of ERD (events of random damage) observed for

this stress level is 2.94. To get the probability, first each amplitude scale’s AE value was
divided by this total. For instance, take the first scale’s AE number: 1.5. Dividing by the
total for that row gives:
.

(9)

So the probability that ERD of the lowest amplitude occurs is 0.510 (or 51.0%).
Repeating this procedure for each amplitude scale and plotting these results vs. the
amplitude determined the ERD probability space at that stress level. This process was
then repeated for each stress level (i.e. rows in the DA/DB matrix) giving the ERD
probability space for each metal seen in Figure 26.
The probability of acoustic emission amplitude was then used to find the probabilistic
entropy. Again, using the row of AE signals above, the entropy caused by ERD occurring
in the stress range of 0 MPa ≤ σ < 25 MPa for GCI can be approximated as
[

(

)]

[

(

)]

[

(

)]

(10)

With the probabilistic entropy calculated, trajectory of damage states (TDS) plots
were generated for each type of cast iron specimen. TDS is the representation of the
relationship between the amount of stress a material is subjected to and the resultant
entropy (defined here as the level of disorder or damage in the material’s structure) [19].
TDS gives an indication of how the damage sustained by a material changes as stress
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increases and at what stress the material will fracture. The value of ‘S’ calculated for each
row of the DA matrix represents the probabilistic entropy value for that stress level in the
TDS plot.
3.6 Andrews Plot
Andrews plots are a method to examine the structure of data sets with multiple (3 or
more) variables, such as the spectrum matrices in this research [31]. They can help
identify trends and outliers in the data. Andrews plots were used to reveal statistically
significant groups of ERD spectra with similar structure from the DA matrices. These
groupings allowed for a more thorough analysis of the material behavior of the GCI and
NCI specimens. An Andrews plot for any data sample

, can be generated

using the function fx(t), defined as
(11)

√

and plotted over the range 0 < t < 1 [31]. Examples of the Andrews plots used in this
research will be discussed in section 4.3.
3.7 Fracture Surface Analysis
The fracture surfaces of the gray and nodular cast iron specimens were examined with
a Phillips XL30 environmental scanning electron microscope (ESEM) (Figures 12 and
13).
1. First, the ends of the cast iron beams containing the fracture surfaces were cut off
from the rest of the specimen material.
2. Then, these end pieces were cleaned and coated with a 5 nm layer of goldpalladium (60% gold, 40% palladium) in preparation for the SEM analysis.
3. For each specimen, SEM pictures were taken at three different regions on the
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fracture surface: near the bottom of the beam, the middle of the fracture surface
which displays where the neutral axis of the beam was at the moment of fracture,
and at the midpoint between the bottom and neutral axis of the beam. Images
were captured at 100x, 400x, and 1000x magnification at each region for both
types of cast iron.
Energy-dispersive X-ray spectroscopy (EDAX) confirmed that the nodular cast iron
sample was made up of iron (Fe), copper (C), and small amounts of silicon (Si). The gray
cast iron sample contained these same elements as well as trace amounts of manganese
(Mn). The NCI specimen observed was not completely broken by the three point bending
test. It had only fractured about halfway through the beam, with the rest of the beam still
mostly intact. Therefore, the NCI beam was fractured using a vice grip in order to expose
the earlier fracture surfaces.
3.8 Visual Examination of Microscopic Damage
Figure 14 shows a diagram of the tested cast iron sample at the moment of fracture.
The figure shows that due to the load, P, placed on it, the beam experienced tension on its
bottom half and compression on its top half, with the neutral axis dividing the two areas.
As mentioned in section 2.1, cast iron like GCI and NCI is able to withstand much more
compressive load than tensile load. Therefore, tension was the main cause of failure of
the beam. The amount of stress varied with position on the beam. At the moment of
fracture, the tensile stress was at its highest on the bottom surface of the beam, decreasing
as the neutral axis is approached. Between its neutral axis and top surface, the beam was
subjected to increasing levels of compressive stress. Therefore, the fracture of the beam
began at its bottom surface and moved upward through the beam [28].
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The distribution of stress shifted upwards with the fracture of the beam. As the beam
broke, the part of the beam that fractured could no longer support any load. Thus, the unfractured portion of the beam supported the load placed on it with the same distribution
of stress mentioned above. This way, every part of the beam eventually experienced the
entire spectrum of recorded stress values during the beam’s fracture. For instance, the
area around the beam’s neutral axis may have started out experiencing low amounts of
stress when the beam first broke. But as the fracture moved up through the beam, the
neutral axis area experienced increasingly higher levels of stress until it too fractured.
Because the load carrying area of the beam decreased with fracture, the maximum
amount of stress this area was subjected to increased. But the distribution of stress
remained the same, with maximum tensile stress experienced at the bottom of the load
carrying area (i.e. the furthest point of fracture at that time), maximum compressive stress
experienced at the top surface of the beam, and no stress at a point halfway in-between
(i.e. the new neutral axis) [28].
As mentioned in section 3.7, SEM images of the fracture surfaces of the GCI and NCI
samples were studied in order to better understand the material behavior of the two
metals. Images were taken in three different regions of the surfaces (Figure 14). All
images were taken at or below the neutral axis of the beam to ensure that the fracture
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damage seen was caused by tension, the main cause of failure of the specimen. The
fracture damages for GCI and NCI specimens were compared for each region:


Region 1: Near the bottom surface of the beam



Region 2: Near the mid-point between the bottom surface of the beam and
the neutral axis of the beam



Region 3: Near the neutral axis of the beam

3.9 Analysis of Cast Iron Sample Microstructure
To learn more about the nature of the cast iron tested, a Keyence VHX-1000 digital
microscope was used to examine the microstructures of the GCI and NCI specimens. To
do this, the un-fractured surfaces of the specimens needed to be properly polished in
order to reveal the microstructure of the iron within them. Polishing gradually sanded
down the rough, irregular surface of the cast iron to produce a fairly smooth surface that
was optimal for digital microscope viewing.
Polishing the cast iron samples was a delicate, multistep process:
1. A Buehler Surfmet Grinder was used to begin the process by taking away
contaminates and the outer layer of the cast iron surfaces.
2. A Buehler Ltd. Handimet II roll grinder was used to further wear away the
microscopic ridges and valleys. It contained abrasive papers with abrasive particle
concentrations of P#400 and P#600.
3. The targeted surfaces were further polished with progressively smoother sheets of
abrasive paper (P# 1000, 2400, 4000).
4. The surface polishing was finished off with a Buehler Polimet spinning wheel and
Buehler Gamma Micropolish Alumina B, number 3 (0.05 micron).

21

5. Finally, the samples were subjected to chemical etching to reveal the metal’s
microscopic grain boundaries. Chemical etching was performed with nital, a
compound formed by mixing 4 mL of nitric acid (HNO3) with 100 mL of ethanol
(C2H6O).
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CHAPTER 4
RESULTS
4.1 Microscopic Examination of Damage
Below are descriptions of the damage seen in the SEM images of the GCI and NCI
fracture surfaces mentioned in section 3.7. The GCI fracture surfaces reveal mostly
transgranular and ductile fracture, while the NCI fracture surfaces show that fracture was
caused by graphite nodule cleavage, or pullout, and ductile fracture. See Figures 1 and 2,
mentioned in section 2.2, for images of the un-fractured surfaces of the tested GCI and
NCI specimens.
4.1.1 Region 1-GCI
The SEM images in Figure 15 show the region of initial fracture near the bottom of the
GCI beam. Looking at Figure 15 (a), at 100x, the bottom edge of the bar can be seen.
400x magnification shows that while there are a few examples of intergranular fracture,
the main type of damage in this region is transgranular fracture (Figure 15 (b)). There is
also some dimpling. Ductile fracture can be seen at 400x and 1000x. At 1000x, several
graphite flakes and voids can be clearly seen.
4.1.2 Region 2-GCI
Figure 16 covers SEM images taken at the mid-point between the neutral axis and the
bottom edge of the beam. At 100x, two main types of damage can be seen: transgranular
fracture in the middle and bottom of the image and ductile fracture along the top edge.
Unlike in Figure 15, there is no major evidence of intergranular fracture. At 400x, the
transgranular and ductile fracture regions can be seen more clearly. Several dimples can
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be seen in the ductile fracture region in the top right corner of this image. The 1000x
image shows a close up view of a ductile fracture feature.
4.1.3 Region 3-GCI
The SEM images in Figure 17 demonstrate the damage occurring at the neutral axis of
the beam. In this area, trangranular fracture is the main type of damage. There are a few
examples of intergranular fracture, namely the deep facet where a grain was separated
from the surface in the middle of the 400x image (Figure 17 (b)). This marks the return of
intergranular fracture to the damage surface after being mostly absent from the region
shown in Figure 16. At 1000x there are visible dimples below and to the right of the ‘V’
shaped grain structure (Figure 17 (c)). Surrounding these dimples are regions of ductile
fracture. There is less ductile fracture seen here than in Figure 16. Graphite flakes can be
pointed out at 400x and 1000x.
4.1.4 Region 1-NCI
The SEM images in Figure 18 display the beginning of fracture in the NCI sample.
The imbedded graphite nodule spheres are clearly visible (Figure 18 (a)). There are
numerous examples of nodule pullout with microvoids on the fracture rims surrounded by
ductile fracture (Figure 18). Separation of the graphite nodules and the accompanying
coalescence and growth of microvoids are a form of intergranular fracture. This nodule
pullout serves as the main form of fracture as opposed to the transgranular and ductile
fracture seen at the beginning of fracture for GCI (Figure 15). The cliff-like structure at
the bottom of the 100x image represents the beginning of a plane of transgranular
fracture. On the bottom right side of the 1000x image, the bubble-like features are iron
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grains that cooled before they could grow to the size of the surrounding grains during the
solidification process alluded to in section 2.3 (Figure 18 (c)).
4.1.5 Region 2-NCI
The SEM images in Figure 19 reveal a mixture of intergranular and transgranular
fracture at the mid-point between the neutral axis and the bottom edge of the beam. In the
same region for GCI, there is almost no intergranular fracture (Figure 16). But like in the
initial fracture region for NCI (Figure 18) there are numerous examples of nodule pullout
(with microvoids on the fracture rims surrounded by ductile fracture) in Figure 19. At
400x and 1000x, several irregular shaped cleavage features are visible on the
transgranular fracture surfaces. They include the river patterns on the fracture planes
below and to the right of the nodule pullouts.
4.1.6 Region 3-NCI
Figure 20 represents the fracture damage seen in the NCI specimen at the neutral axis
of the beam. Intergranular fracture between the graphite nodules and the iron matrix is
the main type of damage in this region. At 400x, one can see areas where the graphite
nodules were pulled loose by fracture (Figure 20 (b)). Along the rims of these pullout
zones are microvoids surrounded by ductile fracture. At 1000x, these nodule pullout
zones and microvoids can be seen more clearly (Figure 20 (c)). There is also some
transgranular fracture of the iron grains, but less than in Figure 19 and Figure 18 (Figure
20 (a)). Here the damage for NCI is also in contrast with the damage seen at the neutral
axis for GCI, where most of the fracture damage comes from transgranular fracture
(Figure 17).
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4.2 DA/DB Matrix
Tables 3 and 4 display the DA matrices for the GCI and NCI specimens respectively.
As explained in Section 3.4, each row is a stress spectrum, representing all the AE
generating events (i.e. events of random damage, ERD) that occurred during a certain
range of stress values (in MPa). Each column under the ‘Amplitude’ heading represents
all the ERD that occurred during a certain amplitude range, or scale, in decibels (in dB).
For both GCI and NCI, the AE were divided evenly across 15 scales.
The DB matrix represents the record of acoustic events added cumulatively at each
stress level. As mentioned in section 3.3, results derived from the DB matrix are not
covered in this paper since the loading history of an examined material may not always
be known. Using IntelliAETM, AE signals were interpreted over a total amplitude range of
40 to 75 dB for GCI and 40 to 80 dB for NCI. By analyzing the distribution of AE signals
it was determined that the AE signals from the NCI specimens were distributed over a
slightly longer amplitude range than the signals from GCI.
AE signals whose amplitude fell on the scale boundaries were placed in the higher of
the two scales. For instance, if the amplitude spectrum was divided into 5 dB scales (40
dB to 45 dB, 45 dB to 50 dB, etc.), an AE signal with an amplitude of 45 dB would be
included in the 45-50 dB scale, not the 40-45 dB scale.
4.3 Results of Exploratory Data Analysis (Andrews Plots)
Figures 21 and 22 display the Andrews plots obtained from the GCI and NCI
specimens, respectively. The meaning of the axis titles t and f (t) are given in section 3.6.
Each colored line in these plots represents one of the stress spectra mentioned in section
4.1. The closer the trajectory of any two of these lines, the more likely the data
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represented by these spectra will display similar characteristics. Using the trends
discovered in the ERD spectra from the Andrews plots, the ERD spectra were categorized
into the following stress range groupings known as statistical ensembles.
The ensembles for GCI were:
1. Initial ensemble: 0 MPa ≤ σ < 300 MPa
2. Transient ensemble: 300 MPa ≤ σ < 375 MPa
3. Near failure ensemble: 375 MPa ≤ σ < 450 MPa
The ensembles for NCI were:
1. Initial ensemble: 0 MPa ≤ σ < 300 MPa
2. Transient ensemble: 300 MPa ≤ σ < 400 MPa
3. Working ensemble: 400 MPa ≤ σ < 500 MPa
4. Near failure ensemble: 500 MPa ≤ σ < 575 MPa
These statistical ensembles highlight stress ranges over which the ERD display similar
characteristics. The difference between the behaviors of the ERD in these ensembles will
be highlighted in section 4.4.2.
4.4 Examination of ERD Spectrum
4.4.1 Overview
From the information in the DA matrix, a series of statistical relationships, known as
the dynamic response, were derived that help describe the material behavior of the tested
cast iron metals. For each relationship, there were similarities and differences in how the
GCI and NCI specimens responded. The number of acoustic events vs. the amplitude of
the acoustic events, or the ERD spectrum, was plotted for GCI and NCI specimens
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(Figure 23) at different stress levels. This resulted in groupings of ERD based on their
amplitude and number, known as spectra (or observation vectors), at each stress
spectrum.
The spectrum characteristics of GCI will be highlighted first:
1. Low-amplitude ERD were numerically dominant at low stress levels.
2. Higher stress levels yielded ERD of higher amplitude.
3. The greater the amplitude of the ERD, the lower the number of ERD.
The NCI spectrum displayed these same characteristics, but with a few differences:
1. NCI, as a whole, produced ERD of higher amplitude than GCI.
2. NCI produced ERD that were nearly an order of magnitude more
numerous than those in GCI, which happened because NCI contained
spectra that reached σ ≈ 550 MPa, while GCI stopped at σ ≈ 450 MPa.
This result means that NCI required more stress to fracture than GCI.
4.4.2 ERD spectra ensembles
Initial ensemble -GCI (0 MPa ≤ σ < 300 MPa). On the ERD spectrum, the initial
ensemble, discovered through use of the Andrews plot (section 4.2), covers the 50, 100,
150, 200, 250, and 300 MPa spectra (Figure 24). The greatest number of ERD in this
ensemble is ~25, occurring at ~41 dB in the 300 MPa spectrum. The distance between
each spectrum shows the occurring rate of ERD at each amplitude scale [29]. For
instance, the occurring rate between the 100 and 50 MPa spectra at an amplitude of ~41
dB is roughly 0.5. The occurring rates between the 50, 100, and 150 MPa spectra are
relatively small over most of the amplitude spectrum. In contrast, the occurring rate
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between the 250 and 300 MPa spectra is much greater. The occurring rates between the
50, 100, and 200 MPa spectra drop to nearly zero around 50 dB and the spectra converge.
Keep in mind that when a specific σ1 (MPa) spectrum is mentioned, this is not a
representation of the ERD occurring at exactly this mentioned stress, but of all the ERD
occurring over the interval from σ0 ≤ σ < σ1, where σ0 is the previous spectrum value in
the DA matrix. DA was divided into 25 MPa intervals. So the 300 MPa spectrum
represents all the ERD occurring over the stress range 275 MPa ≤ σ < 300 MPa.
Transient ensemble -GCI (300 MPa ≤ σ < 375 MPa). The transient ensemble is
represented by the 350 MPa spectrum (Figure 25). Until ~57 dB, it mirrors the 300 MPa
spectrum from the initial ensemble in Figure 24. In the transient ensemble, the GCI
specimens exhibited AE of higher amplitude than those in the initial ensemble. In the 350
MPa spectrum, AE reach the 14th amplitude scale (70.3 dB - 72.7 dB), while AE only go
as high as the 12th amplitude scale (65.7 dB - 68 dB) in the 250 MPa spectrum.
Near failure ensemble -GCI (375 MPa ≤ σ < 450 MPa). The near failure ensemble
is represented by the 400 and 450 MPa spectra on the ERD spectrum for GCI (Figure 26).
The occurring rate between these spectra is nearly zero for most of the amplitude
spectrum. Overall the ERD spectrum is almost unchanged from 350 to 450 MPa (i.e. the
plots of ERD vs. amplitude for 350, 400 and 450 MPa, while differing in magnitude of
ERD, are mostly similar in shape). The GCI specimens exhibited AE of higher amplitude
in the near failure ensemble than those in the transient ensemble. AE in both the 400 and
450 MPa spectrum reach the 15th amplitude scale (72.7 dB – 75 dB)), while AE only go
as high as the 14th amplitude scale (70.3 dB - 72.7 dB) in the 350 MPa spectrum.
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Initial ensemble -NCI (0 MPa ≤ σ < 300 MPa). The initial ensemble for NCI is
represented on the ERD spectrum by the 50, 100, 150, 200, 250, and 300 MPa spectra
(Figure 27). As with GCI, the occurring rates for the 50 < σ < 150 MPa spectra are
relatively small over most of the amplitude spectrum, with these spectra diverging around
47 dB. Before 47 dB, the spectrum is nearly unchanged from 200 < σ < 300 MPa, though
the occurring rates are greater than in the 50 < σ < 150 MPa range. Figure 31 displays a
comparison of ERD spectra for GCI and NCI at fixed stress levels. At σ = 150 MPa,
more ERD occurred with NCI than with GCI for most of the amplitude spectrum (Figure
31 (a)), but GCI did briefly have more ERD at ~53 dB. At σ = 250 MPa, GCI initially
generated more ERD, but NCI had more ERD after ~47 dB (Figure 31 (b)). Also at σ =
250 MPa, the NCI spectrum extended further along the amplitude spectrum than the GCI
spectrum, meaning that NCI generated ERD of higher amplitude than GCI at this stress
level.
Transient ensemble -NCI (300 MPa ≤ σ < 400 MPa). The transient ensemble for
NCI is represented by the 350 and 400 MPa spectra on the ERD spectrum (Figure 28).
The spectrum is nearly unchanged in this stage before ~55 dB. The 350 MPa spectrum is
also the first one for NCI to have ERD filling the entire amplitude spectrum, a condition
known as ‘reaching full amplitude spectrum’. At σ = 350 MPa, GCI displayed more ERD
than NCI until around 60 dB (Figure 31 (c)). After 60 dB, the reverse was true. Similar
to the situation seen at σ = 250 MPa, NCI generated ERD of higher amplitude than GCI
at this stress level.
Working ensemble -NCI (400 MPa ≤ σ < 500 MPa). On the ERD spectrum, the
working ensemble is represented by the 450 and 500 MPa spectra (Figure 29). In this
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ensemble, the spectrum is nearly unchanged, except when the amplitude is between ~55
dB and ~60 dB and when it is higher than ~71 dB. In the first amplitude scale, the 450
MPa spectrum has an ERD quantity that is more than an order of magnitude greater than
the 400 MPa spectrum in the transient ensemble (~200 ERD for the 450 MPa spectrum
vs. ~50 ERD for the 400 MPa spectrum). But the occurring rate between the two spectra
decreases significantly over the course of the amplitude spectrum. Figure 31 (d) shows
that for the 450 MPa spectrum, NCI experienced a greater number of ERD than GCI at
almost every point on the amplitude spectrum. Also, NCI generated ERD of higher
amplitude than GCI at σ = 450 MPa, continuing the trend seen in the initial and transient
ensembles.
Near failure ensemble -NCI (500 MPa ≤ σ < 575 MPa). The near failure ensemble
for NCI is represented by the 550 MPa spectrum on the ERD spectrum (Figure 30). There
is no corresponding ensemble in CGI to compare it to, confirming that NCI withstood
more stress before fracture than GCI. At σ = 550 MPa, NCI reached its highest number of
ERD (~1000), which was higher than GCI’s maximum ERD number at σ = 450 MPa
(~100). But the 550 MPa spectrum only has the highest number of ERD until ~57 dB on
the amplitude spectrum for NCI. After this point, this spectrum’s number of ERD is
surpassed by the 450 and 500 MPa spectra from the working ensemble. By the end of the
amplitude spectrum, the 450 MPa spectrum has a higher number of ERD than the 500
and 550 MPa spectra. This phenomenon could occur because after 450 MPa, NCI is
approaching material failure and thus there are not as many ERD occurring.
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4.4.3 Characterization of microscopic damage using ERD spectrum
Table 5 shows the number of ERD occurring at selected spectra and amplitudes and
the percentage increase in the number of ERD from each of these spectra to the next
higher one in the table. For instance, the percentage increase in ERD quantity between
the 350 MPa and 450 MPa spectra in scale 2 (42.3 dB - 44.7 dB) is 88.73 %. The value of
Infinite occurs if the percentage increase equation, ((x1-x0)/x0) * 100, is calculated when
x0=0. This data reveals an important discovery about the behavior of GCI during fracture.
The changes in the number of ERD between spectra, known as the occurring rates, are
highly variable in the initial ensemble, but become more uniform in the transient and near
failure ensembles. The percentage increase in ERD quantity between the 150 MPa and
300 MPa spectra in scale 2 is 1900 %, while the percentage increase in scale 5 is 4000 %.
In contrast, the percentage increases in ERD quantity between the 350 MPa and 450 MPa
spectra in scale 2, 5, 10, and 14 are, respectively, 88.73 %, 123 %, 360 %, and 100 %.
Therefore, it is likely that no new types of fracture damage were created in the transient
and near failure ensembles [19]. Table 6 shows the ERD percentage increase for NCI. As
with GCI, occurring rates are highly variable in the initial ensemble, but become more
uniform in the transient and working ensembles. Therefore it is also likely that most new
damage types for NCI were introduced in the initial ensemble. The percentage increases
are negative between the ERD quantity from the 450 MPa and 500 MPa spectra in scale
14 and between the 500 MPa and 550 MPa spectra in scales 10 and 14. This fact confirms
the drop off in ERD quantity in the near failure ensemble from ERD quantity in the
working ensemble at high amplitudes mentioned in section 4.4.2.
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4.5 Examination of ERD Probability Space
Another useful relationship to examine from this data is the ERD probability space, or
the probability that an acoustic emission event will occur at any given amplitude. Figure
32 shows that for GCI and NCI, probability generally decreased as amplitude increased.
4.6 Examination of Probabilistic Entropy vs. Stress Relationship (TDS)
Qi et al. summarized the ERD probability space by employing probabilistic entropy
[30]. Figure 33 shows the results of probabilistic entropy (s) versus the applied stress (σ).
Probabilistic entropy as a function of stress is defined by Qi et al. as the trajectory of
damage states (TDS) (probabilistic entropy as a function of time would have produced a
similar TDS) [19]. When probabilistic entropy is increasing, the uncertainty of AE
amplitude is increasing. In other words, the variation of the distribution of AE across the
amplitude scales, for each stress spectrum, is decreasing. There are an increasing number
of acoustic emissions in the ERD spectrum that reach higher and higher amplitudes,
meaning it is becoming more likely to find an AE event in each amplitude scale. When
probabilistic entropy is decreasing, the uncertainty of AE amplitude is decreasing.
It is becoming more probable to find an AE event at the high end of the amplitude
spectrum than at the low end, or vice versa.
The GCI specimens reached the point of maximum entropy when σ ≈ 400 MPa.
Fracture occurred at σ ≈ 450 MPa. The NCI specimens reached maximum entropy at σ ≈
400 MPa. Afterwards, the entropy began a nearly steady decrease until fracture occurred
at σ ≈ 575 MPa. This decrease in probabilistic entropy with increasing stress is caused by
the decrease in ERD at high amplitudes when σ > 450 MPa, described in section 4.4.2.
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Until σ ≈ 200 MPa, the damage state (i.e. level of entropy) is greater for NCI than for
GCI for each stress level. After σ ≈ 200 MPa, GCI has a greater damage state. Although
both GCI and NCI reached maximum entropy at around the same stress level, NCI
required a much greater amount of stress to reach the point of fracture (σ ≈ 450 MPa for
GCI and σ ≈ 575 MPa for NCI). This fact is confirmation of the findings in section 4.4.1,
where it was seen that NCI produced more acoustic emissions than GCI because it
reached higher levels of stress before fracturing.
The information taken from the near failure ensemble of NCI may not be as useful as
the information from previous ensembles, because the maximum stress for 3 of the 20
NCI data trials used was well below the average max stress of the full data sample
collection (σ = 488.805 MPa). The TDS plot for NCI in Figure 33 (b) was obtained by
averaging together the data from all 20 trials. So after σ ≈ 500 MPa, since there is no data
coming from 3 of the trials, the pool of data used to obtain the TDS plot shrinks. This fact
makes the measurements derived there slightly less certain than those derived in the
earlier sections of the plot.
When, ds/dσ ≈ 0, continued stress produces insignificant change in the entropy
(damage state of the specimen). This phenomenon means that the specimen has reached
its maximum state of damage [19]. The number of ERD continues to increase with each
new stress level, but this growth rate is relatively the same in each amplitude scale. The
probability distribution of the amplitude of the ERD displays minimum variation with
increasing stress. There were few new types of ERD generating damage encountered, just
increasing numbers of previously encountered damage types in each amplitude scale [19].
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Both GCI and NCI reach their maximum point of entropy at σ ≈ 400 MPa, where
ds/dσ ≈ 0. Therefore, the TDS for GCI and NCI provide further proof that it is likely that
few new types of fracture damage were created in the transient and near failure
ensembles of GCI or the transient, working and near failure ensembles of NCI. Most
damage types for GCI and NCI likely first occurred in the initial ensemble.
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CHAPTER 5
DISCUSSION
The objective of this research was to characterize the microscopic damage of cast iron
and its potential influence on the material behavior of cast iron. From the results in
Chapter 4, a few important discoveries on GCI/NCI behavior can be pointed out.
5.1 Fracture Initiation in Cast Iron Specimens
Region 1 on the fracture surfaces of the GCI and NCI specimens (Figures 15 and 18)
is where fracture in the specimens began. In region 1, the beam failed in pure tension
along its bottom surface. Here the beam experienced its maximum amount of stress (σ ≈
450 MPa for GCI and σ ≈ 575 MPa for NCI). Initial fracture of the bottom surface of the
beam required a significant amount of energy and thus most likely produced some of the
highest amplitude AE events on the ERD Spectrum. Therefore the damage seen in this
region is best represented by the ERD in the near failure ensembles for both the GCI and
NCI specimens. This is the only region of the fracture surface that can be definitely
linked to an ensemble of ERD on the ERD spectrum. As mentioned in section 3.8, the
amount of stress experienced by any part of the specimen changed as fracture propagated
through it in three point bending. So the other regions of the fracture surface contain
damage caused by several levels of stress.
5.2 Yield Strength of GCI and NCI Specimens
Section 4.4 shows that for NCI, the 350 MPa spectrum is the first to reach full
amplitude spectrum (i.e. have ERD filling the entire amplitude spectrum). NCI’s yield
strength (σy) may have influenced this development. As seen in Table 1, the reported
yield strength of NCI is 310 MPa. A material reaching its yield strength signifies the
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beginning of plastic deformation, where some of the bonds holding the material’s atoms
to each other are broken [32]. This breaking of atomic bonds at σy = 310 MPa eventually
leads to fracture of the iron grains in NCI, which generates louder acoustic emissions
than the damage from lower stress levels on the ERD spectrum for NCI. As mentioned in
Table 1, the yield strength of GCI is difficult to determine. GCI is a brittle material and
exhibits very little yielding before fracture [1]. Using the Rockwell B scale, the hardness
values of the GCI and NCI specimens tested in this research were determined to be HRB
94.82 for GCI and HRB 95.40 for NCI. Since their hardness values were similar, then it
is reasonable to assume that the yield strengths of the GCI and NCI specimens are also
similar. Therefore the yield strength for GCI can be taken to be 310 MPA, same as for
NCI.
5.3 Characterization of GCI and NCI Specimens’ Microscopic Damage
Using ERD statistical ensembles, SEM fracture pictures, and the yield strength of GCI
and NCI it is possible to characterize the specimens’ microscopic damage. In the initial
ensemble for the GCI specimens (section 4.4.2), since the stress experienced in this
ensemble (0 MPa ≤ σ < 300 MPa) is below the yield strength of GCI (310 MPa), AE here
were likely caused by the fracture of graphite flakes and debonding of graphite flakes
from iron seen in Figure 15-17. In this stress range, iron experiences elastic strain, but the
weaker graphite fractures. There could have been fracture of iron grains at the graphite
flake tips. The sharp ends of graphite flakes behave like crack tips in the iron structure,
amplifying the amount of stress experienced in the iron bordering these flake tips to
levels higher than in the surrounding iron [1, 16]. Therefore the stress at these flake tips
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could have been high enough to cause localized microfracture in iron even at low overall
stress levels. Stress-induced changes in the magnetic properties of the pure iron grains
may be another source of AE in this ensemble [33].
The increase in AE amplitude in the transient ensemble of the GCI specimens
corresponds with the yield strength of GCI, which represents the beginning of plastic
deformation of the iron grains. As seen in region 1 of the GCI fracture surface in Figure
15, the ERD of the near failure ensemble primarily caused transgranular and ductile
fracture. The continued presence of low amplitude AE signals (AE signals below 68 dB)
in the transient and near failure ensembles means that graphite fracture, graphite
debonding, and localized iron microfracture are still occurring alongside the newer
damage types.
In the NCI specimens’ initial ensemble, as with GCI, since the stress experienced in
this ensemble (0 MPa ≤ σ < 300 MPa) is below the yield strength of NCI, AE here were
likely caused by fracture of graphite nodules, intergranular debonding of graphite nodules
from iron, and stress-induced changes in the magnetic properties of the pure iron grains
[33]. Fracture of graphite nodules required more stress to occur than debonding of the
nodules from the iron matrix [34].There was no iron grain fracture at graphite crack tips
because in NCI the graphite is spherical and does not have sharp tips (Figure 18-20).
Therefore, the graphite nodules do not act as stress amplifiers to the surrounding iron.
The transient ensemble displays an increase in AE amplitude that corresponds with the
yield strength of NCI, which represents the beginning of plastic deformation of the iron
grains. As seen in region 1 of the NCI fracture surface in Figure 18, the ERD of the
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working and near failure ensembles primarily caused ductile fracture. As with GCI,
graphite fracture and debonding continue to occur.
5.4 Nodule Debonding vs. Ductile Fracture in NCI Fracture
As mentioned in section 2.7, there is a conflict over whether graphite debonding or
ductile iron fracture was the main cause of NCI fracture. Iron grain fracture typically
requires higher amounts of stress to occur than graphite debonding in NCI [6, 18]. Thus,
the two types of damage generate AE at different locations on the ERD spectrum in
Figure 23 (b). Since the overwhelming majority of AE, including those AE exhibiting the
highest amplitude on the amplitude scale, occurred at stress values above σ = 300 MPa
(6524 AE above σ = 300 MPa vs. 77.1 AE below σ = 300 MPa), then it can be inferred
that ductile fracture of iron, not debonding of graphite nodules, is the main cause of
fracture of NCI.
5.5 Additional Comments on GCI and NCI Material Behavior
For GCI, the ERD spectrum is largely unchanged from 350 MPa ≤ σ < 450 MPa.
While the number of ERD increased, this growth was mostly parallel from one amplitude
scale to the next. Qi et al. theorize that this phenomenon occurs because there are no new
types of fracture damage being created at these stress levels [19].
NCI required the application of more stress to fracture than GCI, meaning that NCI is
more resistant to crack formation and propagation. The ductility of NCI allows it to
deform under load instead of immediately fracturing, like the more brittle GCI [1]. This
finding is confirmed by Table 1 which shows that NCI has a higher tensile strength and
plain strain fracture toughness value than GCI. But for both GCI and NCI, more ERD
occurred at low amplitudes than at high amplitudes.
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Most of the nodules in the specimen of NCI seen in Figures 18-20 were nearly perfect
spheres. The nodules’ shape ensured that they were pulled away from the iron matrix
mostly intact during fracture. Nodules that are misshapen (i.e. non-spherical) would have
been split in half by the specimen’s fracture [6]. The average diameter of graphite
nodules in an NCI specimen has a significant influence on the fracture toughness of the
specimen [34].
5.6 Future Work
Building upon this research, several topics can be explored in the future, such as the
effect, if any, that fatigue loading, has on cast iron AE behavior and how AE data relates
to the strain rate of GCI and NCI specimens under stress.
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CHAPTER 6
CONCLUSIONS
The objective of this research was to characterize the microscopic damage of cast iron
and the potential influence of this damage on cast iron’s material behavior. In order to
fulfill this objective, statistical analysis of AE data was performed to understand the
evolving nature of stress-induced damage in gray cast iron (GCI) and nodular cast iron
(NCI) specimens loaded to rupture:


Damage events in GCI are grouped into three ensembles (stress ranges),
whereas NCI produces four distinct ensembles. This difference has been
attributed to the different graphite morphology of the two metals.



The failure of cast iron occurs in a progressive fashion, starting well below
the yield strength. This failure mechanism was attributed to the failure of
the weaker graphite inclusions in cast iron.



The majority of AE damage events occurred beyond the yield strength of
the cast iron specimens.



Most types of damage events in GCI and NCI (graphite debonding, iron
fracture, etc.) occur before maximum entropy is reached. After maximum
entropy, most damage consists of increasing numbers of ERD of
previously encountered damage types.



Statistical analysis of the acoustic emission data proved that the dominant
failure mode of NCI was ductile fracture of the iron matrix.
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Fractography analysis was performed to characterize the damage events revealed by
statistical analysis:


By correlating the analysis of fractured specimens to the AE data,
differing failure mechanisms were identified for GCI and NCI. In
particular, fracture and debonding of graphite and transgranular fracture of
the iron matrix were discovered for GCI and graphite nodule fracture and
debonding and ductile fracture of the iron matrix were discovered for NCI.

This study contributes additional AE information on the failure mechanisms of gray
cast iron (GCI) and nodular cast iron (NCI), which has been very limited to date.
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APPENDIX A
TABLES
Table 1 GCI and NCI material properties [1, 20-27].
GCI

NCI

Carbon (C) [%]

1.5-4.3

3.00-3.78

Silicon (Si) [%]

0.3-5.0

1.70-2.85

Manganese (Mn) [%]

0.15-1.2

0.2-0.5

Sulfur (S) [%]

0.02-0.25

0.02-0.040

Tensile Strength [psi (MPa)]
Tensile Modulus [psi (MPa)]

22,000 (152)
12 * 106 (82.7 * 103)

60,000 (414)
26 * 106 (179* 103)

Plane Strain Fracture
20 (21.98)
43.68 (48)
Toughness [ksi √
(MPa √ )]
Brinell Hardness Number
140-290
140-330
Yield Strength [psi (MPa)]
-----*
45,000 (310)
* The yield strength of GCI is difficult to determine. GCI is a brittle material and exhibits
very little yielding before fracture [1]. Normally, the offset method would be used to find
the approximate yield strength, but this method could not be applied here because of the
lack of information on the strain exhibited by the GCI specimens during the three point
bending testing [28].

Table 2 ERD-generated AE signals measured from 0 MPa ≤ σ < 25 MPa for GCI.
Scale
α1j

1
1.5

2
0.44

3
0.38

4
0.25

5
0.25

6
0.06

7
0.06

8
0

9
0

10
0

LA
2.94

fA1j

0.51

0.15

0.13

0.09

0.09

0.02

0.02

0.00

0.00

0.00

1.00
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Table 3 DA matrix for gray cast iron (GCI) specimens.
Amplitude (dB)
Stress
(MPa)
25
50
75
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450

Scale
1
1.06
0.19
0.25
0.69
0.88
1.00
1.44
2.25
4
6.63
14.19
24.56
39.25
70.13
111.63
123.81
176.17
118.71

2
0.69
0.19
0.19
0.31
0.50
0.44
0.69
1.31
2
3.5
6.38
8.63
15.69
25.81
46.31
53.25
73.17
48.71

3
0.38
0.25
0.25
0.50
0.44
0.19
0.25
0.56
1.56
2.69
5
8.88
15.19
24.44
40.31
54.69
68.75
52.43

4
0.19
0.06
0.13
0.06
0.06
0.13
0.19
0.56
0.5
0.94
1.31
2.88
5.94
10.75
19
19.94
31.25
22.86

5
0.00
0.00
0.06
0.06
0.19
0.06
0.00
0.06
0.5
0.44
0.88
2.56
3.88
7.31
13.31
15.38
20.42
16.29

6
0.25
0.06
0
0
0.13
0.25
0.19
0.06
0.19
0.31
0.56
1.69
3.88
5.13
11.38
13.63
20.83
13.29

7
0.19
0
0.06
0.13
0
0
0
0.06
0
0.06
0.19
0.56
1.19
2.75
4.38
6.13
8
3.86

8
0.13
0
0
0
0
0.13
0.06
0.06
0
0.31
0.19
0.06
0.56
1.25
2
3.38
4.08
3.86

9
0
0
0
0
0.06
0
0.06
0
0.06
0
0.13
0.19
0.5
1.38
2.56
3.06
4.5
2.86

10
0.06
0
0
0
0
0
0
0
0
0
0
0.13
0.06
0.25
1
1.06
1.67
1.14

11
0
0
0
0
0
0
0
0.06
0
0
0.06
0
0.06
0.13
0.19
0.75
0.67
0.43

12
0
0
0
0
0
0
0
0
0
0.06
0
0
0.13
0.13
0.19
0.25
0.75
0.43

13
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.13
0.17
0

14
0
0
0
0
0
0
0
0
0
0
0
0
0
0.06
0.06
0.06
0.08
0.14

15
0
0
0
0
0
0
0
0
0
0
0
0
0.06
0
0.06
0
0.08
0

11
0
0
0
0
0
0
0.06
0
0.12
0.06
0
0.18
0.12
0.35
1.24
0.88
3.18
3.71
3.18
4.46
2.46
1.7
0.63

12
0
0
0
0
0
0
0
0
0
0
0
0.06
0.18
0.24
0.18
1.06
1.12
1.47
0.94
1.69
0.54
0.6
0.25

13
0.06
0
0
0
0
0
0
0
0
0
0
0.06
0.12
0.29
0.41
0.82
2.24
1.47
0.94
2.15
0.46
0.8
0.88

14
0
0
0
0
0
0
0
0
0.06
0
0
0
0.18
0.18
0.24
0.71
1.12
1.47
1.53
1.23
0.38
0.6
0.38

15
0
0
0
0
0
0
0
0
0
0
0
0.06
0.12
0.06
0.24
0.71
0.24
1.18
0.53
0.62
0.38
0.5
0.13

Table 4 DA matrix for nodular cast iron (NCI) specimens.
Amplitude (dB)
Stress
(MPa)
25
50
75
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500
525
550
575

Scale
1
2.18
2.00
1.41
1.29
1.76
1.59
1.12
2
3.18
3.12
3.82
6.47
8.88
14.24
29.29
50.82
105.82
209.41
203.35
458.62
647.62
1096.3
534

2
1.88
0.76
0.47
1.00
0.59
1.00
0.82
1.12
1.71
1.94
2.65
3.65
4.82
6.82
15.24
26.94
55.71
100.06
96
213.46
310.31
503.8
243.88

3
0.65
0.29
0.18
0.24
0.24
0.24
0.41
0.53
0.82
0.82
1.41
1.53
1.71
3.06
6.29
12.24
23.71
42.76
36.88
84.54
105.54
181.8
81.75

4
0.76
0.41
0.35
0.18
0.12
0.29
0.35
1.06
0.94
1.35
1.35
1.41
1.94
3.76
7.71
13.18
22.41
45.35
36.06
73.08
76.85
139.8
57.88

5
0.65
0.12
0.06
0.35
0.24
0.12
0.24
0.06
0.35
0.76
0.53
1.35
1.65
2.65
4.35
9.59
14.59
26
20.18
35.31
31.62
53.1
21.38

6
0.47
0.18
0.12
0.06
0.24
0
0.06
0.18
0.35
0.12
0.53
0.82
0.82
1.29
1.88
4
6.18
11.24
8.82
15.69
9.92
15.9
5.13

7
0.24
0.12
0
0.06
0
0.24
0.06
0.12
0.35
0.41
0.35
0.76
1
0.88
3.65
5.65
7.82
11.94
9.53
11.38
7.46
11.9
3.75

8
0.12
0.06
0
0
0
0
0
0.24
0
0.35
0.24
0.12
0.35
0.94
2.41
3.88
5.65
7.06
6.18
9.62
3.69
5.7
1.88
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9
0
0
0
0
0
0
0
0.06
0
0.06
0.18
0.35
0.29
0.47
1.29
1.24
2.59
3.94
3
5.46
1.92
3.1
1

10
0
0
0
0.06
0
0
0
0.12
0.06
0.06
0.12
0.06
0.53
0.35
1.06
2.06
3.41
4.53
4.47
5.69
2.69
3
1.25

Table 5 ERD percentage increase, with increasing stress, for GCI.
Scale 2:
42.3 dB - 44.7 dB
(%)

Stress
(MPa)
Initial ensemble
150
0.44
300
8.63 (1900)
Transient ensemble
350
25.81 (199)
Near failure
ensemble
450

48.71 (88.73)

Amplitude (ERD % Increase)
Scale 5:
Scale 10:
Scale 14:
49.3 dB - 51.7 dB 61 dB - 63.3 dB 70.3 dB - 72.7 dB
(%)
(%)
(%)
0.06
2.56 (4000)

0.00
0.13 (Infinite)

0.00
0.00 (Infinite)

7.31 (186)

0.25 (92)

0.06 (Infinite)

16.29 (123)

1.14 (360)

0.14 (100)

Table 6 ERD percentage increase, with increasing stress, for NCI.
Amplitude (ERD % Increase)
Scale 2:
Scale 5:
Scale 10:
Scale 14:
42.7 dB - 45.3 dB 50.7 dB - 53.3 dB 64 dB - 66.7 dB 74.7 dB - 77.3 dB
(%)
(%)
(%)
(%)

Stress
(MPa)
Initial ensemble
150
1.00
0.12
300
3.65 (265)
1.35
Transient ensemble
350
6.82 (86.9)
2.65
9.59
400
26.94 (295)
Working ensemble
450
100.06 (271.4) 26.00
500
213.46 (113.33) 35.31
Near failure
ensemble
550
503.80 (136.02) 53.10

(1000)

0.00
0.06 (Infinite)

0.00
0.00 (Infinite)

(96.3)
(262)

0.35 (500)
2.06 (490)

0.18 (Infinite)
0.71 (290)

(171)
(35.81)

4.53 (120)
5.69 (25.6)

1.47 (110)
1.23 (-16.3)

(50.38)

3.00 (-47.3)

0.60 (-51)
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APPENDIX B
FIGURES

Figure 1. Microstructure of GCI specimen surface.

Figure 2. Microstructure of NCI specimen surface.
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Figure 3. Body-centered cubic crystal structure [2].
Source: Ihm M. Introduction to Gray Cast Iron Brake Rotor Metallurgy. SAE
International <http://www.sae.org/events/bce/tutorial-ihm.pdf>; July 17 2013.

Figure 4. Face-centered cubic crystal structure [2].
Source: Ihm M. Introduction to Gray Cast Iron Brake Rotor Metallurgy. SAE
International <http://www.sae.org/events/bce/tutorial-ihm.pdf>; July 17 2013.
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Figure 5. Micrograph of gray cast iron with regions of pearlite [2].
Source: Ihm M. Introduction to Gray Cast Iron Brake Rotor Metallurgy. SAE
International <http://www.sae.org/events/bce/tutorial-ihm.pdf>; July 17 2013.
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Figure 6. Iron-iron carbide binary phase diagram [2].
Source: Ihm M. Introduction to Gray Cast Iron Brake Rotor Metallurgy. SAE
International <http://www.sae.org/events/bce/tutorial-ihm.pdf>; July 17 2013.
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Figure 7. Intergranular fracture on GCI specimen fracture surface.

Figure 8. Transgranular cleavage fracture on NCI specimen fracture surface.
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Figure 9. Ductile fracture on NCI specimen fracture surface containing dimples.

Figure 10. Set-up for three point bending test.
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Figure 11. Graphical user interface (GUI) window for IntelliAETM.

Figure 12. Phillips XL30 scanning electron microscope (ESEM).
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Figure 13. Phillips XL30 scanning electron microscope and computer terminal.

Figure 14. Diagram of cast iron sample at the moment of fracture, with location of SEM
image regions marked.
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Figure 15. Scanning electron micrograph of GCI fracture surface: region 1-near bottom
surface of beam, (a). 100x, (b). 400x, (c). 1,000x.
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Figure 16. Scanning electron micrograph of GCI fracture surface: region 2-neutral axisbottom surface mid-point, (a). 100x, (b). 400x, (c). 1,000x.
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Figure 17. Scanning electron micrograph of GCI fracture surface: region 3-neutral axis
of the beam, (a). 100x, (b). 400x, (c). 1,000x.
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Figure 18. Scanning electron micrograph of NCI fracture surface: region 1-near bottom
surface of beam, (a). 100x, (b). 400x, (c). 1,000x.

60

Figure 19. Scanning electron micrograph of NCI fracture surface: region 2-neutral axisbottom surface mid-point, (a). 100x, (b). 400x, (c). 1,000x.
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Figure 20. Scanning electron micrograph of NCI fracture surface: region 3-neutral axis
of the beam, (a). 100x, (b). 400x, (c). 1,000x.
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Figure 21. Andrews plot of ERD for GCI.

Figure 22. Andrews plot of ERD for NCI.
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Figure 23. ERD amplitude spectrum: ERD no. vs. amplitude for GCI (a) and NCI (b) as
a function of the applied stress.
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Figure 24. Initial ensemble of GCI ERD spectrum.

Figure 25. Transient ensemble of GCI ERD spectrum.
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Figure 26. Near failure ensemble of GCI ERD spectrum.

Figure 27. Initial ensemble of NCI ERD spectrum.
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Figure 28. Transient ensemble of NCI ERD spectrum.

Figure 29. Working ensemble of NCI ERD spectrum.
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Figure 30. Near failure ensemble of NCI ERD spectrum.

Figure 31. Comparison of ERD spectrum between GCI and NCI at fixed stress levels (a).
150 MPa, (b). 250 MPa, (c). 350 MPa and (d). 450 MPa.
68

Figure 32. ERD probability space for GCI (a) and NCI (b) as a function of the applied
stress.
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Figure 33. Trajectory of damage states (TDS) for GCI (a) and NCI (b).
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APPENDIX C
INTELLIAETM MANUAL
Accessing the IntelliAETM program
1. Open MATLAB.
2. When the MATLAB screen opens, in the Current Directory drop down menu at
the top of the screen, select the folder containing your copy of the IntelliAETM
program package.
3. In the MATLAB command window, type ‘IntelliAE’ and press ENTER. The
graphical user interface (GUI) window of IntelliAETM should open on your
desktop screen momentarily.
Preprocessing
1. Put all data files you want processed in the folder labeled ‘DATA_Ori’ in the
IntelliAETM package.
2. Click the Data Processing tab in the top left corner of the GUI window and select
the Preprocessing option in the drop down menu.
3. In the Preprocessing GUI window that opens up, fill out the headings as follows:
a. In the top left corner of the Preprocessing GUI window, select the PAC
option.
b. Sometimes it may be necessary to discard AE signals from the first few
seconds of the fracture test because they provide little usable data and
could have introduced error into the results from the testing machine (e.g.
the testing apparatus may have been shaken by the initiation of the three
point bending test, affecting the AE results). This is accomplished by
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instructing the IntelliAETM program to skip the first few rows of data from
the original data files when running the Preprocessing stage. To do this,
enter the number of rows of data you want skipped under the ‘Head
Number’ heading. This number does not have to be too large. ‘20’ was
used in this thesis.
c. Under ‘Total Column’ enter ‘10’.
d. The option Separate with sensors should be unselected.
e. The option Delete last ‘2’ seconds of data should be unselected.
f. Under the ‘Filter Data’ section, the option Quantification should be
unselected. Also, the value for ‘Column No.’ should be ‘6’ and the two
entries below ‘Column No.’ should both read ‘No Limit’. These are the
default setting for this section, so there should be no reason to change
anything here.
g. In the ‘Transform to stress’ section:
i. Select the option Voltage -> Force.
ii. For ‘Col. Of Para1’, enter ‘10’.
iii. For ‘Initial Value’, enter ‘0’.
iv. Under ‘Coeff. 1 (N/V)’, for the entry marked

, enter

the maximum load (in Newtons) that your specimen was subjected
to in the numerator and the voltage used (in Volts) in the
denominator.
v. Select the option Force->Stress.
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vi. The values for the heading ‘Coeff. 2 (MPa/V)’ come from the
geometry of the tested sample. In the first blank, calculate and
enter the value for the following expression:

where a

is the cross-sectional width of the beam, b is the cross-sectional
height of the beam, L is the distance from where the tension tester
rod impacted the beam to either of the two supports the beam was
resting on, and y is the distance from the neutral axis of the beam
to its bottom edge. In the second blank, enter ‘1’.
4. When done, click Open File at the bottom of the Preprocessing GUI window. In
the new window that pops up, select the data files you want preprocessed from the
folder ‘DATA_Ori’ and click Open. (Note: Never mix data files from two
different types of metals.) The IntelliAETM program will now run the
Preprocessing stage of the data analysis and place the preprocessed files in the
folder labeled ‘DATA_Pre’ in the IntelliAETM package.
Adjusting Amplitude Range
1. Click the Data Processing tab in the top left corner of the IntelliAETM GUI
window and select the Population Test option in the drop down menu.
2.

In the ‘Population_Test’ window, in the first drop down list select Amplitude. For
the second drop down list, select General Histogram.

3. In the top left corner of the ‘Population_Test’ window, click the File tab and
select Open.
4. This new pop-up window takes you to the ‘Data_Pre’ folder in the IntelliAETM
package. Select the data file you want to test. Click Open.
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5. In the “Population_Test’ window, click Update. A histogram displaying
amplitude of AE signals (dB) vs. number of AE signals for this data file is
generated. For each data file, use the histogram to see what is the amplitude range
for the majority of the AE signals for that file.
6. Compare the amplitude range for the AE signals in all of the files to come up with
a suitable amplitude range for that trial.
Processing
1. After the Preprocessing stage is over, click Close in the bottom right corner of the
Preprocessing GUI window to close this function, and return to the main
IntelliAETM GUI window.
2. In the ‘Index Choice’ section:
a) Select the Stress (MPa) option. The options labeled Time (s) and KE
should be unselected.
b) Under ‘Col. Interval’ enter the number of scales you want the AE signals
distributed over on the amplitude range.
c) Under ‘Row Index’ enter the range of stress values (in MPa) you want the
AE signals grouped into (i.e. every 25 MPa).
d) Under ‘Chosen Col’ enter ‘6’.
e) Under ‘Angle’ enter ‘0’.
f) Under ‘Reference Col’ enter ‘10’.
3. Under the drop down menu in the top right corner of the GUI window, select the
option Default Interval with Min and Max. Under the headings ‘Min’ and ‘Max’
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enter, respectively, the minimum and maximum amplitude values (in decibels) of
the AE signals that you want the IntelliAETM program to recognize. (See Adjusting
Amplitude Range)
4. Now click the Data Processing button at the bottom of the IntelliAETM GUI
window. In the new window that pops up, select the data files you want processed
from the folder labeled ‘DATA_Pre’ in the IntelliAETM package and click ‘Open’.
(Note: Never mix data files from two different types of metals.) The IntelliAETM
program will now run the Processing stage of the data analysis and place the
processed files in the folder labeled ‘RESULTS’ in the IntelliAETM package.
Results will be generated for both intermittent (DA) and cumulative measurements
(DB).
a) Note: When running multiple trials in the Processing stage, always
separate the new data from data from older trials. Delete this old data or
create additional folders in the subfolders in the ‘RESULTS’ folder to
keep the trial data separate. Also, the sample TDS plots for DA and DB that
are shown in the GUI window after processing is complete are generated
using a different method than the one explained here and should be
ignored.
Eliminating Outlier Data
1. In the folder labeled ‘RESULTS’ in the IntelliAETM package, open the sub folder
labeled ‘BATCH_STRESS’ and find the file labeled MAX_STRESS.txt. Listed in
this file are the maximum stress values (in MPa) recorded for each of the data
files run during that trial and the average maximum stress value for all the files.
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2. If any of the data files have maximum stress values that are significantly different
from the average maximum stress value, rerun the Processing stage without these
data files.
Generating the ERD Spectrum
1. In the IntelliAETM GUI window, click the Figure tab at the top of the GUI
window. Then click Plot Spectrum in the drop down menu.
2. In the pop up window that now opens up, under ‘Row Interval’, enter the row
index value from the Processing stage. Under ‘Plot Interval’ enter the interval
of stress (in MPa) you want the ERD spectrum displayed at on the plot (i.e.
every 50 MPa). Under ‘Plot End’, enter the stress level (in MPa) you want the
plot to end on. Select the Stress and S Files options.
3. Click Open Files. The new pop-up window should take you to the
‘RESULTS’ folder from the IntelliAETM package. Open the sub folder labeled
‘BATCH_STRESS’ and select the file labeled Average_DA---.txt for the DA
matrix or Average_DB---.txt for the DB matrix. To change between DA and DB
you will have to select (*DA*.txt) or (*DB*.txt) in the ‘Files of type:’ drop
down menu.
4. A .fig file will now be generated showing the ERD spectrum.
Generating the Probability Space
1. In the IntelliAETM GUI window, click the Figure tab at the top of the GUI
window. Then, click Plot Distribution in the drop down menu.
2. In the pop-up window that now opens up, under ‘Row Interval’, enter the row
index value from the ‘Processing’ stage. Under ‘Plot Interval’, enter the
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interval of stress (in MPa) you want the probability space displayed at on the
plot (i.e. every 50 MPa). Under ‘Plot End’, enter the stress level (in MPa) you
want the plot to end on. Select the Stress and S Files options.
3. Click Open Files. The new pop-up window should take you to the
‘RESULTS’ folder from the IntelliAETM package. Open the sub folder labeled
‘BATCH_STRESS’ and select the file labeled Average_PA_S---.txt for
intermittent AE measurements (DA) or Average_PB_S---.txt for cumulative
AE measurements (DB). To change between DA and DB you will have to select
(*PA*.txt) or (*PB*.txt) in the ‘Files of type:’ drop down menu.
4. A .fig file will now be generated showing the ERD probability space.
Generating the TDS


The TDS, Trajectory of Damage States, plots are generated automatically by
the IntelliAETM program when the Processing stage is run. The TDS plots,
named A_Entropy_Stress---.fig (derived from the DA matrix) and
B_Entropy_Stress---.fig (derived from the DB matrix) can be found in the
‘RESULTS’ folder under the subheading labeled ‘FIG_STRESS’.
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